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Phosphodiesterases are a diverse family of enzymes that hydrolyse cyclic nucleotides and thus play a
key role in regulating intracellular levels of the second messengers cAMP and cGMP, and hence cell
function. Theophylline and papaverine have historically been used therapeutically and are known to
be weak inhibitors of PDE, but to what extent this contributed toward their clinical efficacy was
poorly defined. However, the discovery of 11 isoenzyme families and our increased understanding of
their function at the cell and molecular level provides an impetus for the development of isoenzyme
selective inhibitors for the treatment of various diseases. This review focuses on the development of
PDES3 inhibitors for congestive heart failure, PDE4 inhibitors for inflammatory airways disease and
most successfully, PDES inhibitors for erectile dysfunction
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Introduction

The phosphodiesterase (PDE) story begins with the work of
Henry Hyde Salter in 1886. An asthmatic he noted that when
he drank a strong cup of coffee on an empty stomach, his
breathing eased, an effect attributed to the bronchodilator
properties of caffeine. Although the mechanism of action at
the time was unknown, it has since been shown that caffeine
was acting as a non-selective, albeit weak, PDE inhibitor.
Subsequently, analogues of caffeine including theophylline
were successfully introduced as treatments for airway disease.
The seminal work by Earl Sutherland and Ted Rall published
in 1958, first identified the heat-stable nucleotide, cyclic
adenosine monophosphate (cAMP) in liver extracts as a
second messenger and suggested that it mediated many of
the cellular effects of neurotransmitters and hormones. The
discovery of cAMP was followed 5 years later by the
identification of a second intracellular second messenger, cyclic
guanosine monophosphate (cGMP), in rat urine (Ashman
et al., 1963). In this same study, PDE was identified as the
enzyme capable of inactivating cAMP, and it was shown that
this enzyme could be activated by magnesium ions and
importantly could be inhibited by caffeine providing a
plausible mechanism of action for the diverse activities of this
drug (see Figure 1; Sutherland, 1958).

From a very early period, it was hypothesised that there
were a number of different isoforms of PDE distinguished
primarily by their substrate specificity and sensitivity to
calcium-calmodulin (CaM) and these isoenzymes were num-
bered according to their elucidation order. They were first
differentiated in the early 1970s in rat and bovine tissue (Beavo
et al., 1970). Initially, three enzymes were identified and known
as CaM-PDE, cAMP-PDE and ¢cGMP-PDE, which were
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further characterised by the use of selective inhibitors for these
enzymes (Hidaka & Endo, 1984; Nicholson ez al., 1991). With
the advent of the molecular age, the number of PDE isoforms
identified increased and so in 1995, the nomenclature for the
PDE family was standardised (Beavo, 1995). Today 11
isoenzyme groups, encompassing over 50 isoforms, have been
identified including the recently characterised PDE4All
(Wallace et al., 2005) (see Table 1).

PDE activity is found in every cell in the body, although
there is distinct cellular and subcellular distribution of the 11
isoenzymes, which has provided many possibilities for
increasingly selective therapeutic targets (reviewed by Lugnier,
2005). In identifying isoenzyme selective targets for specific
diseases, a substantial amount of work was undertaken by
pharmacologists working in the U.K., particularly in char-
acterising tissue expression, subcellular distribution and
modulation of tissue function by isoenzyme selective inhibi-
tors. This includes work by Nicholson and Shahid at Organon
studying PDE expression in cardiac tissues and the airways (de
Boer et al., 1992; Torphy et al., 1993; Shahid & Nicholson,
1995) and Miles Houslay and co-workers in Glasgow who
have contributed significantly to our understanding of PDE4
and its various subtypes (Houslay, 2001).

The development of PDE3 inhibitors to treat congestive
heart failure

PDE3 has high affinity for cAMP but can also hydrolyse
c¢GMP. However, it hydrolyses cAMP at 10 times the rate it
hydrolyses cGMP and therefore cGMP effectively acts as a
competitive inhibitor for cAMP and consequently for PDE3
(Lugnier, 2005). As a result of its high expression in both the
vasculature and the airways, PDE3 was identified as a
potential therapeutic target in cardiovascular disease and
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asthma, and indeed, PDE3 inhibitors have subsequently been
shown to relax vascular and airway smooth muscle, inhibit
platelet aggregation (reviewed by Barnes et al., 1988) and
induce lipolysis (Manganiello et al., 1995). However, the
unequivocal effect of PDE3 inhibitors as positive inotropic
agents provided a strong rationale for developing such drugs
for the treatment of chronic heart disease (Nicholson et al.,
1991). A number of PDE3 selective inhibitors, including
milrinone, were developed to treat patients with heart failure.
However, chronic treatment with milrinone was associated
with an increased risk of mortality and has consequently
somewhat jaundiced the view of PDE3 as a drug target
(Packer et al., 1991). Nonetheless, milrinone is still used
in the acute treatment of heart failure, and cilostazol, another
PDE3 inhibitor, is used in the treatment of intermittent
claudication.
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Figure 1 Inhibition of cAMP-PDE activity by methylxanthines.
cAMP was incubated with purified cAMP-PDE at 30°C for 30 min
in the presence of increasing concentrations of methylxanthines.
Data redrawn from Butcher & Sutherland (1962).

Table 1 The PDE superfamily

Development of PDE4 inhibitors for the treatment
of inflammatory airways disease

PDE4, formerly known as cAMP-PDE, is a cAMP-specific
PDE and is the predominant isoenzyme in the majority of
inflammatory cells, with the exception of platelets, implicated
in inflammatory airways disease. It is expressed in the airways
smooth muscle, brain and cardiovascular tissues (Muller ef al.,
1996) and is the largest PDE subfamily with over 35 different
isoforms identified thus far. The molecular structure, com-
partmentalisation and function have been extensively investi-
gated (Houslay, 2001) and as such, PDE4 is the most widely
characterised PDE isoenzyme. In the early 1970s, rolipram,
a cAMP-PDE inhibitor, was developed as a potential drug to
treat depression as it was demonstrated that elevation of
cAMP could enhance noradrenergic neurotransmission in the
central nervous system. Although rolipram proved to be an
effective antidepressant, side effects of nausea and gastro-
intestinal disturbance terminated its clinical development
(Scott et al., 1991). In addition, the worldwide success of
serotonin selective reuptake inhibitors in treating depression
usurped PDE4 inhibitors as a potential therapy in this field.
Nonetheless, there is a current resurgence underway in this
area (Renau, 2004) and in addition, to the development of
PDE4 inhibitors to treat other CNS indications such as
memory enhancement (Inflazyme pharmaceuticals, 2005).
The success of theophylline in treating asthmatic patients
(see also Barnes, this issue), the finding that raising intracel-
lular levels of cAMP within inflammatory cells inhibited their
function and the wide distribution of PDE4 in inflammatory
cells and the lung led to the exploration of isoenzyme selective
PDE4 inhibitors as potential treatments for airway disease
(Torphy & Undem, 1991). Indeed, the first generation PDE4
inhibitors were shown to be effective at inhibiting a wide range
of inflammatory cell function in vitro including eosinophil

PDE No. of Substrate Km (um)

isoenzyme isoforms cAMP

1 8 Ca’" /calmodulin- 1-30
stimulated

2 c¢GMP-stimulated 50

3 4 c¢GMP-inhibited, 0.2
cAMP-selective

4 20 cAMP-specific 4

5 3 c¢GMP-specific 150

6 cGMP-specific

7 3 cAMP-specific, high- 0.2
affinity

8 cAMP-selective, 0.06

9 4 cGMP-specific,

10 2 c¢GMP-sensitive, CAMP- 0.05
selective

11 4 cGMP-sensitive, dual 0.7
specificity

Km (um) Tissue expression Specific inhibitors
GMP

3 Heart, brain, lung, smooth KS-505a
muscle

50 Adrenal gland, heart, lung, =~ EHNA (MEP-1)
liver, platelets

0.3 Heart, lung, liver, platelets, Cilostamide
adipose tissue, Enoxamone
inflammatory cells Milrinone

Siguazodan

Sertoli cells, kidney, brain, Rolipram,
liver, lung, inflammatory Roflumilast
cells Cilomilast

1 Lung, platelets, vascular Sildenafil, Zaprinast
smooth muscle

60 Photoreceptor Dipyridamole
Skeletal muscle, heart, BRL-50481
kidney, brain, pancreas, T
lymphocytes
Testes, eye, liver, skeletal none
muscle, heart, kidney,
ovary, brain, T lymphocytes

0.17 Kidney, liver, lung, brain BAY 73-6691

3.0 Testes, brain none

0.6 Skeletal muscle, prostate, none

kidney, liver, pituitary and
salivary glands, testes
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(Dent et al., 1991), lymphocyte (Giembycz et al., 1996),
basophil (Weston et al., 1997) and neutrophil activation
(Nielson et al., 1990). Furthermore, they were highly effective
at suppressing inflammation in animal models of respiratory
disease (Torphy & Undem, 1991). The ability of PDE4
inhibitors to also induce relaxation of isolated human
bronchus (Cortijo et al., 1993) gave rise to the hope that
PDE4 inhibitors could perhaps possess both anti-inflamma-
tory and bronchodilator activity.

A number of pharmaceutical companies went on to develop
potent second generation PDE4 selective inhibitors, and
scientists at Celltech in Slough U.K., developed CDP840
(Hughes et al., 1996), which in 1997, became the first orally
active PDE4 inhibitor to demonstrate a beneficial effect in
patients with asthma at doses producing no reported serious
adverse effects. CDP840 had no direct bronchodilator activity
nor did it inhibit acute bronchoconstriction in response to
antigen challenge. This acute response is referred to as the
early asthmatic response (EAR) and is known to be a
consequence of mast cell degranulation and release of
mediators including histamine as a result of antigen binding
to high affinity IgE cell surface receptors. However, CDP840
did significantly suppress the late asthmatic response (LAR) by
30% at doses that did not elicit significant gastrointestinal side
effects (Harbinson et al., 1997). This was a very significant
observation, as the LAR is viewed by clinicians to represent
the inflammatory component of airway disease and showed
that PDE4 inhibitors could indeed be anti-inflammatory drugs
and that it was possible to obtain this effect without the side
effects that dogged earlier drugs of this class.

Cilomilast developed by Ted Torphy and co-workers at
SmithKline Beecham (now GSK) and roflumilast developed
by Dr C Schudt and co-workers at Byk Gulden (now Altana)
are orally active selective PDE4 inhibitors in late clinical
development (Brown, 2005; Rabe er al., 2005). In COPD
patients, cilomilast significantly improved FEV, and quality of
life scores, as well as reducing exacerbation rates, although it
has still to be approved by the FDA. However, gastrointestinal
disturbances such as emesis and nausea are still evident with
this drug such that it is likely that the doses currently used in
man are at the bottom end of the dose response curve and
therefore the optimal effects of this class of drug are not being
achieved with cilomilast. Roflumilast (250 and 500 pug, p.o.)
significantly suppressed LAR by 27 and 43%, respectively, in
patients with asthma. It also reduced the EAR (25 and 28%,
respectively), although by a smaller margin than the LAR
(Van Schalkwyk et al., 2005). Significantly, studies have
demonstrated the efficacy of roflumilast in patients with both
asthma and COPD, where roflumilast improved lung function
and reduced exacerbation rates, and thus it remains a
promising new therapy to treat this disease (Rabe er al.,
2005). One recent study has shown that roflumilast is
equivalent to taking inhaled beclomethasone diproprionate
in the treatment of mild to moderate asthma, suggesting that
such drugs may prove to be a viable alternative therapy to
inhaled glucocorticosteroids (reviewed by Lipworth, 2005).
Roflumilast is undergoing further clinical evaluation in
patients with both asthma and COPD, although it is still a
drug that has significant gastrointestinal side effects, particu-
larly at high doses, which may prove problematic.

Thus, there still remains a challenge to design even better
PDE4 inhibitors with an improved therapeutic index and a

number of different strategies are being pursued to achieve
this. The work of Souness & Rao (1997) working at Rhone
Poulenc Rorer, latterly Aventis, in Dagenham suggested that
PDE4 existed in two distinct conformations, one present
predominantly in the CNS and parietal glands, which binds
rolipram with high affinity termed HPDE4, and one, which
binds rolipram with low affinity that is mainly present in
inflammatory cells termed LPDE4. Accordingly, binding to
the HPDE4 was predicted to be related to the adverse side
effects associated with rolipram. However, cilomilast has
reduced potency against HPDE4 but nonetheless is still emetic
in patients treated with this drug. Another approach followed
the recognition that there were four genetically distinct PDE4
subtypes; termed PDE4A-D. Conti and co-workers were the
first to produce PDE4 knock-out mice deficient in either
PDE4B or PDE4D and studies with these mice suggested that
PDE4D was associated with emesis (Robichaud et al., 2002),
and in the development of airways hyperresponsiveness in
response to cholinergic stimulation (Hansen et al., 2000).
Further studies with PDE4B knock-out mice showed that this
PDE4 subtype was essential for LPS-induced generation of the
cytokine TNF-« and thus, a PDE4B selective inhibitor could
potentially be an effective anti-inflammatory agent without
inducing emesis (Jin & Conti, 2002). Another potential avenue
that could be exploited to improve drug selectivity and reduce
side effects would be the targeting of specific PDE4 isoenzymes
that are only expressed under inflammatory situations (Chan
et al., 2003). To date there is no evidence for altered PDE4
expression and function in inflammatory cells from asthmatic
subjects (Landells et al., 2001; Jones et al., 2005) although
increased expression of PDE4A4 has been documented in
macrophages from subjects with COPD (Barber et al., 2004).
Whether selective targeting of this enzyme will lead to a
better drug than roflumilast remains to be seen. In addition,
the expression of PDE7 in inflammatory cells has been
acknowledged and while inhibition of this enzyme alone does
not suppress inflammatory cell function, however, combined
use of PDE4 with PDE7 inhibitors provides a greater
inhibition than PDE4 alone. Therefore, a hybrid PDE4/7
inhibitor may provide more effective anti-inflammatory
activity and reduce side effects. It is of interest, therefore, that
novel PDE4 inhibitors are now being developed, which claim
to lack significant gastrointestinal side effects, including
HTO0712 (Inflazyme pharmaceuticals, 2005) and GRC 3886
(Glenmark Pharmaceuticals, 2005).

PDES5 inhibitors for the treatment of erectile dysfunction

A variety of treatments have been historically used to treat
erectile dysfunction that influence the cyclic nucleotide
signalling pathway in vascular smooth muscle including
PGE,, papaverine and pentoxifylline. It was recognised that
papaverine and pentoxifylline mediated vasorelaxation by a
number of mechanisms including non-selective PDE inhibition
(Allenby et al., 1991) and these drugs can be considered as
forerunners to the clinically successful PDES inhibitors used
today for the treatment of erectile dysfunction, although at the
time, PDES5 inhibition as a mechanism to account for the
actions of these particular drugs was not established.

PDES, a ¢cGMP-specific PDE was first identified in rat
platelets in 1978 and was originally known as cGMP-PDE
(Hamet & Coquil, 1978). Early on it was shown that cGMP-
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PDE could be specifically inhibited by zaprinast, and this was
widely used to explore the functional role of what we now
know as the PDES isoenzyme (reviewed by Murray, 1993).
Zaprinast was designated M&B22948 by May and Baker in
Dagenham and designed as a mast cell stabilising drug for
treating allergic diseases, and in this capacity M&B22948
became the first orally active isoenzyme selective PDES
inhibitor to be given in man. It was originally administered
to patients with exercise-induced asthma and was shown to
have moderate bronchodilator effects (Rudd er al., 1983).
However, PDES inhibitors had no inhibitory effect on
inflammatory cells other than mast cells, but they were able
to induce vascular smooth muscle relaxation and therefore
PDES5 was considered a possible therapeutic target in
cardiovascular disease (Murray, 1993). Indeed, it was demon-
strated that an elevation in cGMP mediated by zaprinast was
associated with vascular smooth muscle relaxation of isolated
rat aorta (Lugnier e al., 1983; Rapoport & Murad, 1983);
observations which led to the initiation of research pro-
grammes by a number of pharmaceutical companies to
develop PDES inhibitors for a range of diseases. Pfizer in
Sandwich, Kent, in particular, took the PDES5 inhibitor
sildenafil into the clinic as a treatment for angina pectoris.

Other laboratories were undertaking studies to enhance
understanding of the vascular and neurological control of the
corpus cavernosum to better determine the basis of erections.
In 1990, it was reported that electrical field stimulation (EFS)
induced relaxation of rabbit corpus cavernosum smooth
muscle cells. This response was also correlated with the
formation of nitric oxide (NO) and a rise of intracellular levels
of cGMP within smooth muscle cells, suggesting that enhanced
NO production could potentially mediate penile erection
(Ignarro et al., 1990). This was followed by the seminal work
of Rajfer et al. (1992) demonstrating that the NO pathway was
also triggered by EFS stimulation in human corpus caverno-
sum to bring about relaxation, a mechanism which was
reduced in tissue obtained from patients with impotence. As
part of a very thorough investigation of this NO pathway
regulating the relaxation of the corpus cavernosum, it was
demonstrated that the PDES inhibitor zaprinast could enhance
NO-induced relaxation of isolated corpus cavernosum (Rajfer
et al., 1992). These findings suggested that PDES inhibitors
may also be useful for treating impotence (reviewed by
Murray, 1993) (see Figure 2).

The data from the Phase 1 clinical trials with sildenafil in
angina patients proved disappointing. However, while silde-
nafil provided no significant therapeutic improvement over the
existing nitrate therapy, it was noted that one of the commonly
reported side effects in this study was penile erection. This
observation led to the important decision by Pfizer to change
the focus of the sildenafil research programme to investigate
their drug as a potential treatment of erectile dysfunction. In
late 1993, the first clinical trial examining the efficacy of
sildenafil for the treatment of erectile dysfunction was under-
taken and it confirmed the potential of the drug to treat
patients with this condition (Boolell et al., 1996). Over the next
4% years, over 5000 patients received sildenafil in clinical trials
and in March 1998, the FDA approved it for the treatment of
erectile dysfunction. Since then, an estimated 177 million
prescriptions in over 120 countries have been written and
sildenafil has had a revolutionary impact on the understanding
and treatment of this common condition. /n vitro studies with
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Figure 2 The PDES inhibitor M&B 22,949 (Zaprinast) augmented
relaxation of human corpus cavernosum to electrical field stimula-
tion (Hz). Data showing relaxation of human corpus cavernosum in
an isolated preparation (a) or the mean+s.e.m. for 11 subjects (b);
to different stimulation frequencies in untreated and M&B 22,949
(1-3 mM)-treated tissue. Data re-drawn from Raijfer et al. (1992).

Table 2 Disease targets for isoenzyme selective PDE

inhibitors

PDE family  Disease targets

2 Sepsis, Acute Respiratory Distress Syndrome
(ARDS)

3 Airways disease, fertility

4 Allergic rhinitis, psoriasis, multiple sclerosis,
depression, Alzheimer’s disease,
schizophrenia, memory loss, cancer,
dermatitis

5 Pulmonary hypertension, female sexual
dysfunction, cardiovascular disease,
premature ejaculation, stroke, leukaemia,
renal failure

7 Inflammation

isolated human corpus cavernosum, similar to the earlier
studies by Rajfer er al. (1992), were undertaken and these
showed that sildenafil is approximately 240 times more potent
than zaprinast at inhibiting PDES (Ballard er al., 1998).
Nonetheless, sildenafil is sometimes associated with visual
disturbances due to activity against PDE6, an enzyme found in
the retina, and also has a relatively short half-life. Therefore,
while sildenafil has been very successful, it has some
limitations and this has led to the development of newer
PDES inhibitors. Two more PDES5 inhibitors, vardenafil and
tadalafil, are now approved for use as treatments for erectile
dysfunction. Vardenafil is more potent than sildenafil and
tadalafil, and has a half-life of approximately 17h, which
allows more natural engagement of sexual activity. Further-
more, tadalafil is far less active against the PDE6 isoenzyme
(selectivity ratio vs PDES: 780) than either sildenafil (6.8) or
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vardenafil (2.9) and consequently, the incidence of visual side
effects associated with PDEG6 inhibition in the photoreceptor
cells is greatly reduced (<0.1% tadalafil compared with 3%
sildenafil) (Maggi et al., 2000).

Conclusion

Non-selective PDE inhibitors including theophylline and
papaverine have been used therapeutically for over 70 years
for a range of diseases. However, it is only in the last 10 years,
that potent PDE selective drugs have begun to make an impact
in the treatment of disease, and the worldwide success of
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